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(54) METHOD FOR MANUFACTURING A COMPOUND FILM WITH COMPOSITIONAL GRADING

(57) A method for manufacturing a compound film
comprising a substrate (1) and at least one additional
layer (2, 3, 4, 5, 6, 7), the compound film satisfying pre-
defined compound film properties, in particular being pre-
defined values for compound-film thickness, com-
pound-film overall composition and compositional profile,
the latter being defined as a compound-film composition
as a function of a position on or in the compound film,
the method comprising the steps of:
- depositing at least three chemical elements (A, B, C)
on the substrate (1) and/or on the at least one additional
layer (2, 3, 4, 5, 6, 7) using depositions sources (12),
- maintaining depositing of the at least three chemical
elements (A, B, C) while the substrate (1) and the dep-
osition sources (12) are being moved relative to each
other,
characterized in that
at least the chemical element A is deposited by at least
two different deposition sources (12A, 12A’) positioned
at two different locations, so that a gradient of the com-
positional profile of said chemical element A is achieved
through the compound film thickness.



EP 3 333 280 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

[0001] The present invention is related to a method for
manufacturing a compound film according to the pream-
ble of claim 1. More particular, the present invention is
related to a method for measuring physical parameters
of thin films, where the measurement takes place during
or after film growth and where the measurement results
are used for controlling film deposition processes. The
invention also relates to a method for deposition of one
or several thin films using vacuum deposition processes
for the manufacturing of thin-film solar cells and modules,
which are based on absorber layers typically containing
the elements copper, indium, gallium, and selenium.
[0002] The generation of environmental-friendly ener-
gy by means of photovoltaic cells (solar cells) has re-
ceived growing interest in recent years. Solar cells gen-
erate energy by converting light, typically sunlight, into
electricity, and fulfill the demands on a sustainable, re-
newable energy technology. Standard solar cell technol-
ogy today is based on crystalline or multi-crystalline sil-
icon absorbers, for the production of which a compara-
tively high amount of material and energy is required,
which in turn limits the production cost potential. Thin-
film solar cell technologies have proven to have a high
potential for low-cost production while also achieving
high light-to-electricity conversion efficiencies, a partic-
ularly promising candidate being based on the material
copper-indium-gallium-diselenide. Especially promising
is the deposition of solar cells using a roll-to-roll deposi-
tion technology, which allows quasi-continuous process-
ing. In order to achieve low production costs, a high pro-
duction yield is mandatory. Hence, mass production of
solar cells must be very reliable and a good production
process control is crucial, in particular control of the ab-
sorber deposition process. With a given manufacturing
process, it is crucial to achieve cells and modules with
highest conversion efficiencies (also called cell or module
efficiencies or simply efficiencies). The efficiency is the
most important parameter to characterize the perform-
ance or energy conversion quality of a solar cell or mod-
ule.
[0003] A typical CIGS solar cell is based on the semi-
conductor layer CIGS, which can be Cu(In,Ga)Se2. A
CIGS layer needs to be deposited onto a back contact
layer, or onto a stack of back contact layers, which in turn
is deposited onto a substrate with or without additional
intermediate coatings.
[0004] Fig. 1 shows a CIGS solar cell structure: A sup-
porting structure, the substrate 1, for example, a polymer
or metal foil or sheet or a glass sheet, is coated with a
back contact film 2, for example made of Mo or another
electrically conducting material or compound. The alka-
limetal-containing CIGS absorber layer 3 is deposited
thereafter onto the structure, where the alkali atoms are
added to the CIGS by diffusion from underlying layers
(not shown in Fig. 1) or from the substrate during CIGS
growth, by co-deposition during CIGS growth, or by dif-

fusion after CIGS growth. The CIGS layer is coated by a
buffer layer 4 made of CdS or related compounds such
as Cd(O,OH,S) or of ZnS, ZnO, In2S3, or of other com-
pounds. As a next layer, a front contact or window layer
5 is deposited, typically consisting of a bi-layer of intrinsic
ZnO (i-ZnO) and a transparent conducting oxide (TCO),
such as doped ZnO (e.g. ZnO:Al) or indium tin oxide
(ITO), or consisting of a single layer such as a TCO alone.
In-between the deposition steps, one or several pattern-
ing steps may be applied, where layers are structured
such that individual solar cells are connected in parallel
and/or series, resulting in arrays of solar cells, which are
called "modules". Grid structures 6 that can assist carrier
collection and can make contact to adjacent cells may
be deposited after deposition of the window layer. An
anti-reflection coating 7 may be deposited on top in ad-
dition. Not all layers described here need to be deposited
in a production process in order to get a working solar
cell. Especially for economic or practical reasons or to
enhance the cell performance, some layers can be omit-
ted or others can be added, where the efficiency of the
solar cells and modules may be affected or not.
[0005] The deposition of CIGS solar cells and mono-
lithic integration into modules is described, for example,
in US-5 078 804 and by Mitchell, Proceedings of the 20th
IEEE PV Conference 1988, pp. 1384-1389, respectively.
[0006] An economic way of producing thin-film solar
cells and modules is to use in-line processing, where
batches of individual substrates 1 move one after the
other through one or several deposition zones in a dep-
osition chamber 8 (Fig. 2), such that the deposition proc-
esses are kept running continuously while the substrates
get progressively coated as they move further through
the deposition zones, as it is depicted in Fig. 2 (a). Several
deposition chambers 8 may be lined up in sequence, and
one or several adjacent chambers 9, typically containing
substrate manipulation mechanisms or measurement
devices, may be added on either side of each deposition
chamber.
[0007] A potentially even more economic way of pro-
ducing thin-film solar cells and modules is to use flexible
substrates such as metallic, polymeric, glassy, or ceram-
ic foils, and to coat said flexible substrates with the solar
cells or modules using roll-to-roll deposition technology,
as it is depicted in Fig. 2 (b). With roll-to-roll deposition,
large substrate areas can be coated without the need of
interrupting or changing the deposition process over long
periods of time. The substrate (also called "web") moves
through one or several deposition zones and gets pro-
gressively coated as it moves further through the depo-
sition zones.
[0008] The use of x-ray fluorescence (XRF) for thick-
ness and/or composition measurement in thin-film tech-
nology is well known. The use of XRF for simultaneous
multilayer thickness measurement for individual samples
is described in US-4 162 528, for example. The use of
XRF in thin-film production systems is described in US-
6 611 576, where metal films deposited onto semicon-
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ductor wafers are characterized using XRF during
growth, allowing to determine an end point and to stop
the deposition once the determined film thickness reach-
es a preset value. The latter invention is useful for batch-
to-batch deposition systems, where one batch of sam-
ples is processed until an end point is reached, before
processing on the next batch starts. However, in a con-
tinuous-processing deposition system, like a roll-to-roll
or in-line deposition system, an end point in the above
sense is never reached and a deposition process is not
stopped once a coating is completed.
[0009] CIGS deposition control has been addressed in
WO 2005/086 238, where a transition of a Cu-rich CIGS
layer into a Cu-deficient CIGS layer is detected in an in-
line evaporation process. In this known teaching, an op-
tion to use XRF to measure overall film composition and
thickness after the deposition zone in order to control the
deposition process using a feedback signal is also de-
scribed. In this connection, reference is made to the pa-
per entitled "Manufacture of Thin-Film Solar Cells: Mod-
eling and Control of Cu(InGa)Se2 Physical Vapor Dep-
osition onto a Moving Substrate" by Junker et al. (Ind.
Eng. Chem. Res. 2004, 43, pp. 566-576), in which a
method is disclosed that allows controlling one evapora-
tion source for each metal, e.g. evaporation sources ar-
ranged in the sequence Cu-Ga-In or Ga-Cu-In. The
known teaching does not allow measuring material gra-
dients in the CIGS layer, or controlling all evaporation
sources when arranged in sequences such as Ga-Cu-
In-Ga, for example. Instead, XRF is described for the
case of several evaporation sources distributed across
the width of the substrate (perpendicular to the traveling
direction of the substrate), and it is described how to use
the XRF for controlling the individual sources.
[0010] WO 03/038 871 A1 (or US-2003/082 834 A1)
discloses method for optical process control based on
reflectometry for CIGS deposition.
[0011] EP-0 394 128 B1 discloses a movable x-ray
source and the measurement of x-ray transmission
through a substrate using a feedback loop.
[0012] A method for composition depth profiling of
CIGS films using XRF is described by V. Alberts et al.
(Solar Energy Materials & Solar Cells Vol. 64 (2000), p.
371-383), where XRF is applied in several steps on pro-
gressively etched CIGS films after growth. This treatment
destroys the sample and is therefore not suited for non-
destructive deposition-process control.
[0013] I.L. Eisgruber et al. (Conference Record of the
28th IEEE Photovoltaic Specialists Conference, 2000, p.
505-508) describe the use of XRF for standard in-line
thickness and overall-composition measurement in a
CIGS production process.
[0014] In the case of a deposition process where two
or more atomic species form a compound, such as a
CIGS deposition process, a film thickness measurement
in combination with a film overall-composition measure-
ment allows to determine the absolute amount of atoms
of each species present in the layer. Hence, if all atoms

of one species in the film stem from only one deposition
source, e.g. as it is depicted in Fig. 3 (a), and if overall-
composition and/or thickness deviate from a desired, pre-
defined value then corrective action on one or several of
the sources can be taken. This is the case for example,
when CIGS is deposited from three metal sources, i.e.,
from one Cu, one In, and one Ga source (the precise
control of Se deposition rate is normally not required for
typical CIGS layers, therefore it is not considered here
and just assumed to happen satisfactorily independent
of metal source control).
[0015] However, if the atoms of one species in the film
stem from more than one deposition source, typically
from a second, similar deposition source, e.g. as it is
depicted in Fig. 3 (b), in which a second A-source 12,
depositing a material A, is present, then the film overall-
composition and thickness measurement performed by
a measurement device 10 does not allow separating the
contributions from the two similar A-sources anymore.
Therefore, it is not clear, which of the A-sources needs
corrective action, and source control is no more possible
for all deposition sources.
[0016] In the example of CIGS deposition using one
Cu, one In, and one Ga source, said control problem
occurs as soon as a second Cu, In, or Ga source is added
to the three metal deposition sources.
[0017] For example, if a second Ga source is added
to the Cu, the In, and the Ga source, the overall-compo-
sition and thickness measurement signal can only tell
how much Ga there is in the film, but not how much of
the measured Ga was supplied by the first Ga source
and how much by the second Ga source.
[0018] As a second example, sources arranged in the
sequence In-Ga-Cu-In do not permit separate control of
the In sources with merely a thickness and overall-com-
position measurement after film deposition.
[0019] It is well known to those skilled in the art that
compositional gradients in CIGS films can exist and that
they can have a significant influence on the solar cell
conversion efficiency. In particular, the deposition of
CIGS films in a way such that Ga/In compositional grad-
ings occur can be advantageous. For example, when the
Ga/In concentration ratio increases towards the back
contact, which is called "back grading" or "normal grad-
ing" (see Fig. 4(b)), electron collection in the CIGS during
solar cell operation is supported, which benefits the cell
efficiency. When the Ga/In concentration ratio increases
towards the buffer layer ("front grading"), the voltage of
the device is enhanced, which again benefits the cell ef-
ficiency.
[0020] Particularly beneficial is the combination of a
back and a front grading to a "double grading", as it is
depicted in Fig. 4(c).
[0021] If CIGS is deposited from only one deposition
source for each metal, e.g. from sources in the sequence
Ga-Cu-In or In-Cu-Ga, either no front grading or no back
grading is achieved. Fig. 5 (a) shows such a configura-
tion. In order to achieve both gradings, i.e. a double grad-
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ing, an additional metal deposition source is required, for
examples a second Ga source enabling the sequence
Ga-Cu-In-Ga (or Ga-In-Cu-Ga). Such a configuration is
depicted in Fig. 5 (b). However, as described above,
when a second Ga source (or any other second similar
source) is used, individual control of two similar deposi-
tion sources is no more possible with merely a thickness
and overall-composition measurement. Similarly, if other
deposition source sequences are desired, such as Ga-
In-Ga-Cu, Ga-In-Cu-In, Ga-In-Cu-In-Ga, or any other
combination, the control problem remains the same.
[0022] In addition, for example to increase the through-
put of the deposition machine or to shape the composi-
tional profiles of the as-deposited films more accurately,
it may be desirable to have a sequence of several "blocks"
13 of deposition sources 12, where every deposition-
source block contains an array of deposition sources in
a certain sequence, for example Ga-In-Cu followed by
Cu-In-Ga, or Ga-In followed by Cu-In-Ga, or as depicted
in Fig. 6. Any combination of sources and blocks can be
used in a deposition process. An array of deposition-
source blocks may be placed within one deposition
chamber 8, within consecutive deposition chambers, or
within one or several deposition chambers having an in-
ternal separation feature 14 such as a shield or wall. As
described above, as soon as one material is deposited
by more than one deposition source before an overall-
thickness and composition measurement is performed,
the control problem occurs.
[0023] When there are several deposition-source
blocks, a known measurement device usually needs to
be placed after every block. Since known measurement
devices are heat-sensitive and since metal evaporation
sources have to be operated at temperatures in the vi-
cinity of 1000 °C or above, evaporation-source blocks
cannot be placed close to each other because room is
required for protection of the measurement devices from
material deposition and heat radiation. Hence, deposition
machines can become very large and complicated, and
the film stack may cool down while moving through the
measurement zone before reaching the following evap-
oration-source block.
[0024] It is therefore one object of the present invention
to control deposition of compound films comprising at
least two chemical elements.
[0025] This and other objects are obtained by the fea-
tures given in the characterizing part of claim 1. Further
embodiments as well as an apparatus are given in further
claims.
[0026] Throughout the following description, the term
CIGS must be understood as a typical CIGS solar cell
that is based on the semiconductor layer CIGS, which
can be Cu(In,Ga)Se2 or a related compound formed from
any combination of the elements Cu, Ag, In, Ga, Al, Se,
S, Te yielding a semiconductor in the form (Cu,Ag)x(In,
Ga,Al)y(Se,S,Te)z, for example, the compound Cu(In,
Ga) (Se,S)2. It is understood that this class of compounds
also comprises non-stoichiometric compounds such as

Cu0.9 (In,Ga)1.1Se2, or Cu(In,Ga)3Se5, etc., over wide
ranges of compositions. Such compounds typically, but
not always, contain a small amount of an alkali metal -
added on purpose actively or passively - for example Na,
K, or Li.
[0027] The present invention is directed to a method
for manufacturing a compound film comprising a sub-
strate and at least one additional layer, the compound
film satisfying predefined compound film properties, in
particular being predefined values for compound-film
thickness, compound-film overall composition and com-
positional profile, the latter being defined as a compound-
film composition as a function of a position on or in the
compound film. The method comprising the steps of:

- depositing at least two chemical elements on the
substrate and/or on the at least one additional layer
using depositions sources,

- maintaining depositing of the at least two chemical
elements while the substrate and the deposition
sources are being moved relative to each other,

- optionally measuring the compound film properties,
particularly being compound film thickness, com-
pound-film overall composition, and compound-film
composition in one or several positions of the com-
pound film,

- optionally comparing the predefined values for the
compound film properties to the measured com-
pound film properties, and

- optionally adjusting the deposition of the at least two
chemical elements in case the measure compound
film properties do not match the predefined com-
pound film properties.

[0028] In an embodiment of the present invention, the
method is characterized in that the substrate is a flexible
foil, made at least in part of metal, polymer, or ceramic,
and that said foil can be rolled up.
[0029] In a further embodiment of the present inven-
tion, the method is characterized in that the substrate is
at least partially coated by one or several additional lay-
ers.
[0030] In a still further embodiment of the present in-
vention, the method is characterized in that the substrate
is a plate of a material that is at least partially made of
glass, metal, or polymer, and wherein the plates are con-
tinuously fed, one after the other, in order to be coated.
[0031] In yet another embodiment of the present in-
vention, the method is characterized in that the substrate
is coated by one or several additional layers, wherein the
same or different coatings can be applied on either side
of the substrate.
[0032] In yet another embodiment of the present in-
vention, the method is characterized in that the step of
measuring the compound film properties is performed by
a measurement device that is moved in directions per-
pendicular and/or parallel to a traveling direction of the
substrate, enabling measurements at different locations
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of the substrate, in particular across an entire width of
the substrate.
[0033] In yet another embodiment of the present in-
vention, the method is characterized by further compris-
ing the step of individually adjusting a deposition rate of
the deposition sources.
[0034] In yet another embodiment of the present in-
vention, the method is characterized in that the deposi-
tion sources are arranged in a plurality of deposition-
source blocks.
[0035] In yet another embodiment of the present in-
vention, the method is characterized in that at least a part
of the measurement device is arranged opposite to the
deposition sources with regard to the substrate. There-
with, the measurement device is protected from being
coated and can be brought very close to the substrate or
even touching the substrate without the risk of scratching
the film.
[0036] In yet another embodiment of the present in-
vention, the method is characterized by positioning the
measurement device in-between deposition-source
blocks.
[0037] In yet another embodiment of the present in-
vention, the method is characterized in that the step of
adjusting the deposition source is performed by modify-
ing temperature, power supply or gas supply.
[0038] In yet another embodiment of the present in-
vention, the method is characterized in that the meas-
urement device comprises an x-ray detector for detecting
characteristic fluorescence radiation from appropriately
excited atoms in the substrate and/or any of the additional
layers, where said x-ray detector is capable if distinguish-
ing the energies or wavelengths of the radiation and of
the respective radiation intensities.
[0039] In yet another embodiment of the present in-
vention, the method is characterized in that the meas-
urement device comprises an excitation source, which
excites atoms in fractions or all of the compound film and
possibly also in a part or all of the substrate.
[0040] In yet another embodiment of the present in-
vention, the method is characterized in that the excitation
source is an electron source, where the penetration depth
of the electrons can be adjusted by changing the electron
acceleration voltage.
[0041] In yet another embodiment of the present in-
vention, the method is characterized in that the excitation
source is an x-ray source, where at least a part of the
exciting x-rays are high enough in energy to induce K
and L lines in the fluorescence spectrum of at least a part
of the excited atom species.
[0042] In yet another embodiment of the present in-
vention, the method is characterized in that the excitation
source comprises an x-ray source in combination with
an electron source, where the x-ray source is capable of
exciting atoms in all additional layers and in the substrate,
while the electron source is capable of exciting only parts
of the additional layers and/or the substrate.
[0043] In yet another embodiment of the present in-

vention, the method is characterized in that the com-
pound film is a polycrystalline semiconductor compound
of the form (Cu,Ag) (In,Ga,Al) (Se,S)2, particularly the
compounds Cu(In,Ga)Se2 or Cu(In,Ga) (Se,S)2.
[0044] In yet another embodiment of the present in-
vention, the method is characterized in that the substrate
is a polyimide foil, which is particularly transparent for x-
ray radiation, coated by an electrically conductive layer
consisting of a single material.
[0045] In yet another embodiment of the present in-
vention, the method is characterized in that the electri-
cally conductive layer on the foil is made of Mo.
[0046] In yet another embodiment of the present in-
vention, the method is characterized in that the electri-
cally conductive layer on the foil is made of a metal nitride.
[0047] The present invention improves deposition con-
trol for deposition of compound films comprising at least
two chemical elements, such as CIGS. The invention in-
creases the degree of freedom, to which elemental dep-
osition profile shapes can be created, and enables to
ensure consistent and reliable film properties. The dep-
osition control improvement is also achieved by employ-
ing one or several measurement sensors, together form-
ing one measurement device, which allow determining
film thickness, average film composition of the complete
film (overall composition), as well as film composition in
one or several fractions of the layer.
[0048] The measurement device can be a fluores-
cence spectrometer, where the fluorescence radiation to
be detected is x-ray radiation. Such a measurement is
non-destructive and hence does not cause material qual-
ity loss in the probed portions of the films. The essential
components of such a spectrometer typically are an ex-
citation source (or alternatively at least two excitation
sources) and a detector, all aligned in a way suitable for
efficient measurement-signal detection and properly
cooled and shielded. Source and detector do not neces-
sarily have to be in the same housing, they can also be
spatially separated, for example, they can be placed one
on the back and one on the front side of the film to be
probed. The excitation source typically emits x-rays or
electrons. The detector detects the wavelengths of the
fluorescence radiation and the intensities of the radiation
of such wavelengths. Alternatively, instead of wave-
lengths, the detector may be sensitive to the energies or
frequencies of the fluorescence radiation, which in the
end is equivalent to sensitivity to wavelengths due to the
interrelation of radiation wavelength, energy, and fre-
quency. The detector works usually either sequentially,
e.g. by measuring one wavelength after the other, or si-
multaneously, e.g. by measuring all energies in the spec-
trum simultaneously with the help of a multi-channel an-
alyzer. The wavelengths of the detected radiation are
characteristic for the atom species present in the film.
The intensity of radiation of a certain wavelength de-
pends on the number of atoms of the corresponding atom
species present in the probed part of the film. Hence,
wavelength and intensity measurements allow quantify-
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ing the composition and, once the system has been cal-
ibrated, also the thickness of a film. Depending on the
wavelengths of the excitation radiation and the film thick-
ness, all or only a part of the film to be measured can be
probed. Also depending on the wavelength of the fluo-
rescent radiation, a negligible or significant part or the
complete fluorescence signal of a certain wavelength is
re-absorbed within the film (or in adjacent layers or in the
substrate) and hence cannot reach the detector. With a
suitable combination of excitation and fluorescence
wavelengths, different fractions of the film (or the entire
film) to be measured are probed. Ideally, several combi-
nations are used at the same time, such that several frac-
tions of the film are probed at the same time. Such a
fluorescence spectrometer is capable of determining film
thickness, film overall composition, and film composition
in one or several fractions of the layer, either in one or
else in consecutive measurement steps.
[0049] With reference to Fig. 3, the signals of the meas-
urement device 10 can be used by a control device such
as a computer 11 to determine whether or not the output
of a deposition source, or of a part of a deposition source
12, needs to be adjusted or not. Adjustment of source
output can be achieved, for example, by modification of
the source temperature, the power fed to the source, or
the gas environment of the source. The closer to the dep-
osition zone a measurement device can be positioned,
i.e., the shorter the way a certain portion of a film needs
to travel to come past the measurement device, the soon-
er the decision about the need for adjustment can be
taken, which prevents more effectively the occurrence of
faulty deposition and eventually of low production yield.
[0050] The present invention is further described in the
following by referring to drawings showing exemplified
embodiments.

Fig. 1 schematically shows a known CIGS
solar cell in a cross-sectional view.

Fig. 2a schematically illustrates a deposition
process step in a chamber using in-
line processing.

Fig. 2b schematically illustrates a deposition
process step in a chamber using roll-
to-roll processing.

Fig. 3 schematically shows a deposition
process control using a feedback sig-
nal, where film properties are meas-
ured after the deposition process is fin-
ished in the same or a separate cham-
ber. Several deposition sources for dif-
ferent materials A, B and C are
sketched in example (a), while in ex-
ample (b) a further deposition source
depositing the same material A as one
of the other deposition sources is add-

ed.

Fig. 4 is a schematic illustration of band-gap
grading concepts in CIGS or similar
compounds. VBM = valence band
maximum, CBM = conduction band
minimum. Eg = band gap; the dot rep-
resents an electron being guided by
the gradient in the CBM. (a) no grad-
ing, (b) normal grading (= back grad-
ing), (c) double grading (= back grad-
ing + front grading).

Fig. 5 is a schematic illustration of possible
deposition source arrangements for a
CIGS deposition process: (a) three
metals sources, (b) four metals sourc-
es. For both cases, an example for
deposition-rate profiles for each ele-
ment, an example for the correspond-
ing Ga/(In+Ga) concentration-ratio
profile through the film, and an exam-
ple for the effect on the band-gap (Eg)
profile through the film is shown: (a)
back grading, (b) double grading. VBM
= valence band maximum, CBM = con-
duction band minimum.

Fig. 6a and 6b are schematic illustrations of possible
deposition source arrangements with-
in a deposition-source block, and of
possible deposition-source block ar-
rangements within a deposition cham-
ber. The deposition-source blocks
could also be located in individual
chambers.

Fig. 7 is a schematic illustration of a section
of a deposition chamber, as seen by
looking onto the plane of the substrate,
where a measurement device is
moved perpendicular to the traveling
direction of wide substrates to an ar-
bitrary location, allowing the control of
film properties across the full width of
the substrate.

Fig. 8 is a schematic illustration similar to
Fig. 7, but where the deposition sourc-
es consist of several deposition-
source units.

Fig. 9 is a schematic illustration of a section
of a deposition chamber, as seen by
looking parallel to the plane of the sub-
strate: (a) after every deposition-
source block a measurement device
is placed, which can also move per-
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pendicular to the traveling direction of
the substrate (into the plane of the pa-
per); (b) one measurement device,
which can also be moved parallel to
the traveling direction of the substrate,
is used to measure after every depo-
sition block.

Fig. 10a is a schematic illustration of a meas-
urement device comprising an x-ray
source and an x-ray detector.

Fig. 10b is a schematic illustration of a meas-
urement device comprising an elec-
tron source and an x-ray detector.

Fig. 10c is a schematic illustration of a meas-
urement device comprising an elec-
tron source, an x-ray source, and x-
ray detector.

Fig. 11 is a schematic illustration of possible
ways of placing a measurement de-
vice such that the substrate is located
in between the deposition sources and
the measurement device or parts of
the latter, wherein the measurement
device is partially placed behind sub-
strate according to Fig. 11a, wherein
the measurement device is completely
behind the substrate according to Fig.
11b, and wherein the measurement
device is behind the substrate, moving
between deposition source blocks, or
into deposition zone, according to Fig.
11c.

[0051] A method is disclosed that improves deposition
control such that the number of installed, controllable
deposition sources requiring precise control can be in-
creased without having to increase the number of meas-
urement devices, and such that the flexibility for place-
ment of such deposition sources and for source arrange-
ments is enhanced.
[0052] For example, instead of three deposition sourc-
es 12 in Fig. 5a, a fourth deposition source can be con-
trolled (Fig. 5b). This enhanced flexibility allows to reliably
deposit films (or layers) with well-defined and particularly
beneficial compositional gradients (see Fig. 5). As pos-
sible consequences, higher solar cell and module con-
version efficiencies can be achieved and/or the thickness
of the film can be reduced without or with reduced loss
in conversion efficiency. This is realizable by using a
measurement device capable of determining compound-
film thickness, compound-film overall composition, and
compositional profile, the latter being defined as a com-
pound-film composition as a function of a position on or
in the compound film.

[0053] A further embodiment of the present invention
uses a measurement device 10 comprising, for example,
an x-ray source 16 and an x-ray detector 18, placed in
the same housing as the detector depicted in Fig. 10a,
or in different housings, for example one part identified
by 22 comprising the detector above the substrate 1 and
one part identified by 23 comprising the source below
the substrate 1, as schematically illustrated in Fig. 11a.
The x-ray source 16 may emit monochromatic or broad-
band x-ray radiation 17. The radiation 17 of the x-ray
source 16 is used to excite atoms in all layers and in the
substrate 1. The excited atoms relax by emitting fluores-
cent radiation 19 of discrete wavelengths. A part of this
fluorescent radiation 19 is in the x-ray regime and is there-
in classified according to the transitions in the radiating
atoms as K, L, M, etc. lines. The K lines of the fluorescent
radiation 19 are those with the smallest wavelengths and
usually the highest penetration depths (the lowest ab-
sorption coefficients) in a material. Typically, the absorp-
tion of K lines within a layer of about 1 mm can be ne-
glected; hence K lines can be taken to measure the total
number of atoms of a certain element in the complete
film. The L lines, however, occur at higher wavelengths,
where absorption within a layer is significant. The inten-
sity of L-line radiation in a material falls exponentially due
to the absorption. In a layer of about 1 mm thickness, the
L-line radiation can be completely absorbed within the
film such that it cannot be detected anymore. Even if the
penetration depth of L-line radiation is larger than the film
thickness, there will still be significantly more L-line radi-
ation from atoms closer to the surface, due to the expo-
nential intensity decrease with thickness. The typical
penetration depth of L-line radiation from a particular el-
ement in a material varies from element to element and
from material to material. However, in most cases, K-line
fluorescence radiation detected outside the film by a de-
tector will stem from atoms distributed throughout the
film, while L-line fluorescence radiation will stem from
atoms located closer to the surface. In this way, compo-
sition in different depths of one or several films can be
measured. In particular, the measurement is sensitive to
changes in the compositional profile, which is what is
primarily needed for process control: Any change of the
deposition process should be detectable and allow cor-
rective action to be taken.
[0054] As an example, a CIGS film with a Ga/In com-
positional double grading through the film can be char-
acterized by using the In K lines for measurement of total
In content in the film (corresponding to the average In
concentration) and using the In L lines for measurement
of the In content in the top part of the film.
[0055] Alternatively, the same measurement could be
done correspondingly with Ga lines instead of In lines,
or with Ga lines in addition to the In lines.
[0056] Another embodiment uses a measurement de-
vice 10 comprising an electron source 20 and an x-ray
detector, placed in the same housing as the one in Fig.
10b, or in different housings, for example one part above

11 12 



EP 3 333 280 A1

8

5

10

15

20

25

30

35

40

45

50

55

the substrate 1 and one part below the substrate 1. The
electrons 21 of the electron source 20 are used to excite
atoms in certain parts of the film or films. The penetration
depth and the excitation region and volume in a film are
determined by the energy of the impinging electrons and
by the material properties of the probed film. Hence, by
changing the energies of the electrons 21 from the elec-
tron source 20, for example by changing the electron
acceleration voltage, atoms in different depths of a film
are excited. By employing an x-ray detector 18 measur-
ing K lines only, or K and L lines, fluorescence radiation
19 from the excited atoms can be detected and hence
composition in different depths of one or several films
can be measured. In particular, the measurement is sen-
sitive to changes in the compositional profile.
[0057] For example, in the case of a double-graded
CIGS film, by using different electron acceleration volt-
ages, a rough depth profile of the In/Ga concentration
ratio can be established. Any changes in that profile are
detectable and allow adjusting the deposition-process
parameters.
[0058] Yet another embodiment uses a measurement
device 10 comprising an x-ray source 16, an electron
source 20, and an x-ray detector 18, placed in the same
housing as in Fig. 10c or in different housings, for exam-
ple one part above the substrate 1 and one part below
the substrate 1. With this arrangement, the x-ray source
16 and the x-ray detector 18 can be used to measure
overall composition and thickness, for example by ana-
lyzing K-line fluorescence radiation. The exciting elec-
trons can penetrate into different depths of a film, where
they excite further atoms, hence giving rise to additional
contributions to the fluorescence radiation, for example,
the K-line fluorescence radiation. When either the x-ray
source 16 and/or the electron source 20 is switched off
periodically or from time to time, then separation of the
signals is possible and overall composition and thickness
as well as depth profiles can be extracted from the meas-
urements. In particular, the measurement is sensitive to
changes in the compositional profile.
[0059] If during a deposition process, a control device
such as a computer 11 receives signals from the meas-
urement device 10 that are interpreted by the control de-
vice as a deviation of film thickness, film overall compo-
sition, and/or film compositional profile from pre-defined
values, then the control device can take corrective action
on the deposition process by feeding back a signal to the
concerned deposition sources 12 (Fig. 3). The feedback
signal can initiate a change or changes in material dep-
osition rate of one or several deposition sources, or of a
part or parts of one or several deposition sources. A
change in material deposition rate of a source or a part
thereof can be achieved, for example, by modification of
the supplied heating or sputter power or by modifying the
local gas environment (pressure). A fast feedback signal
is advantageous in order to take corrective action on the
deposition process quickly, which allows preventing ef-
fectively the occurrence of faulty deposition and eventu-

ally of low production yield. Once the corrective action
has been taken, the control device can check if these
actions lead to the desired results and take further cor-
rective actions if required.
[0060] A further embodiment of the present invention
is disclosed which allows the control of film properties
across the full width of wide substrates, perpendicular to
the traveling direction of coated or uncoated substrates
(Fig. 7). Such control enables fine-tuning the material
output rates of a wide deposition source over the full width
of the source, not only in one or few points. This is par-
ticularly important if the relative deposition rates in differ-
ent locations of a wide deposition source change with
time, for example, because the source’s reservoir of ma-
terial to be deposited changes or because local heat-
ing/cooling or pressure characteristics change. The
method furthermore allows controlling and fine-tuning
deposition sources 12 consisting of at least two narrower
deposition-source units 15 of similar or differing design
and arranged side by side with or without gaps in between
(Fig. 8), for example, two or more narrower deposition-
source units, or, as another example, an array of several
point sources distributed along a line, where each point
source corresponds to a deposition-source unit.
[0061] A still further embodiment of the present inven-
tion is disclosed, which allows the control of the deposi-
tion sources arranged in two or more deposition-source
blocks, each block consisting of the same or a different
arrangement of one or several deposition sources, by
using only one or only few measurement devices. This
is achieved by moving each measurement device 10 not
only across substrates (perpendicular to the traveling di-
rection of the substrates), but also parallel to the traveling
direction of the substrates to measure also in-between
deposition source blocks 13, such as illustrated in Fig.
9b for the case of two deposition-source blocks.
[0062] Another approach would be to use measure-
ment devices 10 after every deposition-source block 13.
But because good deposition sources do not change their
deposition rate characteristics quickly, it is possible to
sequentially employ only one measurement device in a
large number of different locations. After completion of
every measurement cycle, the measurement results can
be compared to the results from previous measurement
cycles and corrective actions on the deposition sources
can be taken, if necessary. In this way, one or only few
moving measurement devices suffice for controlling all
deposition sources and hence can replace a larger
number of non-moveable measurement devices.
[0063] A further embodiment of the present invention
is disclosed, which allows to employ a measurement de-
vice close to or even in the deposition zone, enabling a
feedback signal for deposition source control with mini-
mum delay, or even enabling real-time deposition source
control by measurement of film properties in the deposi-
tion zone, while the film is still being grown.
[0064] Good protection of the measurement device
from thermal radiation, e.g. stemming from hot deposition
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sources, and appropriate shielding preventing material
deposition on sensitive parts of the measurement device
are necessary. A particularly suitable way to achieve this
is to place the measurement device 10 (or parts 22, 23
thereof) behind the substrate, such that the substrate is
located in-between the measurement device (or parts
22, 23 thereof) and the deposition sources, for example
as illustrated in Figs. 11a and 11b. In this way, the sub-
strate protects the measurement device from material
deposition and also to some extent from thermal radia-
tion. When the entire measurement device is placed be-
hind the substrate, it cannot interfere with the atomic flux
from the deposition sources, hence it is possible to move
consecutive deposition-source blocks closer together
while still measuring with the measurement device in-
between (Fig. 11c), with no shadowing effects as they
would occur with a measurement device placed on the
front side of the substrate.
[0065] Furthermore, placing a measurement device
behind the substrate has the advantage that the meas-
urement device can be positioned very close to or even
touching the substrate. Because the measurement de-
vice is on the back side of the substrate, there is no risk
of scratching sensitive, as deposited films. Having the
measurement device placed close to the substrate
means that the detection count rate of, for example, flu-
orescence radiation is high, since the count rate falls off
rapidly with the square of the distance between film and
detector. In turn, high count rates enable to use a short
measurement time and hence to employ only one meas-
urement device in many different locations.
[0066] Still a further method is disclosed that allows
correcting fluctuations in the measurement device results
stemming from excitation source and/or detector drift with
time, and/or from variations in source-film and/or film-
detector distances. Distance variations can occur espe-
cially due to the moving substrates, especially if the sub-
strates are flexible, and due to a certain amount of irre-
producibility in measurement device placement in differ-
ent locations. In order to be able to correct the count rate
fluctuations, the measurement signal from underlying
layers, or from the substrate, needs to be analyzed as a
reference signal. However, this signal often is received
together with the main measurement signal and hence
does not need any additional measurement sensors. If
the layer or substrate giving rise to the reference signal,
the "reference layer", should happen to be inhomogene-
ous in thickness, it is required that, prior to the measure-
ment of the compound film properties using the meas-
urement device, the thickness profile of the reference
layer is determined and used to correct the signal from
the measurement device. The thickness profile of the ref-
erence layer can already be determined during deposi-
tion of the reference layer, for example by using a well-
known quartz crystal microbalance or of optical emission
spectrometry. For example, when the compound film is
CIGS for solar cell applications, the reference layer can
be the back contact, typically Mo, or additional layers

deposited prior to CIGS deposition or the substrate, or
even a layer deposited on the back side of the substrate.
If there are further layers in addition to the reference layer
deposited prior to the compound film deposition, or if
there are further layers and the reference signal stems
from the substrate, the deposition processes of these
further layers can be controlled using the same meas-
urement device by feeding back the measurement infor-
mation to the respective deposition sources. If the refer-
ence signal stems from a layer or substrate sufficiently
thick, i.e. thicker than the penetration or exit length of the
excitation or fluorescence radiation, then the thickness
of this reference layer or substrate does not need to be
known exactly, as long as it always is thick enough.
[0067] If, as the case may be, distance variations be-
tween the parts of the measurement device and the film
can be neglected, the signal of the reference layer can
be used to control the reference-layer-deposition proc-
ess at the same time as the compound film deposition
process. For example, when the compound film is CIGS
for solar cell applications, the back contact can be taken
as reference layer and the back contact deposition proc-
ess (often Mo deposition by dc sputtering) can be con-
trolled at the same time as the CIGS deposition process.
Obviously, the time lag between deposition and meas-
urement of the reference layer can become large, de-
pending on the machine configuration. But if the refer-
ence layer does not need very tight control, such as Mo
for solar cell applications, it can be acceptable if the ref-
erence layer characteristics deviate from the specifica-
tions for a limited period of time. Furthermore, if there is
more than one layer deposited prior to the compound film
deposition process, the deposition processes for all these
layers can be controlled simultaneously using the same
measurement device by feeding back the measurement
data to the respective deposition source controllers.
Long-term drift of detector and/or source can be correct-
ed in this case of negligible distance variations by occa-
sionally measuring the composition and thickness of a
suitable, stable, inert piece of material or coating located
at an accessible place where it neither can move nor be
coated with, for example, the coating materials, such as
Se.

Claims

1. A method for manufacturing a compound film com-
prising a substrate (1) and at least one additional
layer (2, 3, 4, 5, 6, 7), the compound film satisfying
predefined compound film properties, in particular
being predefined values for compound-film thick-
ness, compound-film overall composition and com-
positional profile, the latter being defined as a com-
pound-film composition as a function of a position
on or in the compound film, the method comprising
the steps of:
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- depositing at least three chemical elements (A,
B, C) on the substrate (1) and/or on the at least
one additional layer (2, 3, 4, 5, 6, 7) using dep-
ositions sources (12),
- maintaining depositing of the at least three
chemical elements (A, B, C) while the substrate
(1) and the deposition sources (12) are being
moved relative to each other,

characterized in that
at least the chemical element A is deposited by at
least two different deposition sources (12A, 12A’)
positioned at two different locations, so that a gradi-
ent of the compositional profile of said chemical el-
ement A is achieved through the compound film
thickness.

2. The method according to claim 1, whereby the chem-
ical element A, and the chemical element B, and the
chemical element C are deposited by physical va-
pour deposition (PVD), in particular by thermal evap-
oration.

3. The method according to any of the preceding
claims, used for the manufacturing of thin-film solar
cells and/or modules.

4. The method according to any of the preceding
claims, whereby the chemical elements A, B and C
are deposited according to the deposition source se-
quence A-B-C-A or A-C-B-A or A-C-A-B or A-C-B-
C, or A-C-B-C-A.

5. The method according to any of the preceding
claims, whereby the chemical element A is Gallium
(Ga), and/or the chemical element B is Copper (Cu),
and/or the chemical element C is Indium (In).

6. The method according to any of the preceding
claims, characterized in that the substrate (1) is a
flexible foil, made at least in part of metal, polymer,
or ceramic, and that said foil can be rolled up.

7. The method according to any of the preceding
claims, characterized in that the deposition sourc-
es (12) are arranged in a plurality of deposition-
source blocks (13).

8. The method according to claim 7, characterized in
that the chemical elements A, B and C are deposited
by at least two deposition-source blocks (13, 13’),
whereby the chemical elements A, B and C are de-
posited by the first source block (13) according to
the deposition source sequence A-B-C-A, and by the
second source block (13’) according to the deposi-
tion source sequence A-C-B-A or C-B-A.

9. The method according to claim 8, characterized in

that the chemical elements A, B and C are deposited
by at least two deposition-source blocks (13, 13’),
whereby the chemical elements A, B and C are de-
posited by the first source block (13) according to
the deposition source sequence C-A-B or A-C, and
by the second source block (13’) according to the
deposition source sequence B-C-A.

10. The method according to any of the preceding
claims, characterized in that the compound film is
a polycrystalline semiconductor compound of the
form (Cu,Ag) (In,Ga,Al) (Se,S)2, particularly the com-
pounds Cu(In,Ga)Se2 or Cu(In,Ga) (Se,S)2.

11. The method according to any of the preceding
claims, characterized in that the substrate (1) is a
polyimide foil, coated by an electrically conductive
layer consisting of a single material.

12. The method according to claim 11, characterized
in that the electrically conductive layer on the foil is
made of Mo.

13. The method according to any of the preceding
claims, further comprising the steps of:

measuring the compound film properties, par-
ticularly being compound film thickness, com-
pound-film overall composition, and compound-
film composition in one or several positions of
the compound film,
comparing the predefined values for the com-
pound film properties to the measured com-
pound film properties, and
adjusting the deposition of the at least three
chemical elements (A, B, C) in case the measure
compound film properties do not match the pre-
defined compound film properties.

14. A compound film produced according to the method
of any of the preceding claims.

15. A solar cell or a solar module comprising a compound
film according to claim 14.
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